chirality. We show how the resonance peak and negative differential conductance in the device characteristics induces a tuneable radio-frequency oscillatory current which has potential for future high frequency technology.
The growing catalogue of 2D crystals allows us to construct increasingly complex van der Waals heterostructures [8] [9] [10] [11] [12] 19, 20 . The combination of a hexagonal boron nitride barrier layer sandwiched between two graphene electrodes is particularly attractive 8, 9, 21 due to the exceptional crystalline quality and the small lattice mismatch of these two materials. For example, by utilising a third (gate)
electrode, it has recently proved possible to make a novel type of field-effect transistor in which tunnelling between the two graphene electrodes is controlled by gate voltage 10, 22 . In the prototype versions of these devices, the crystalline lattices of the component layers were not intentionally aligned 8, 9, 21 , which meant that tunnelling between the two graphene electrodes required a defectassisted momentum transfer, so that the tunnelling was not resonant.
Here, we report on a new series of tunnel transistors in which the crystal lattices of the two graphene layers are intentionally aligned to a high degree of precision during the fabrication procedure. Our measurements and theoretical modelling of the device characteristics reveal that the current flow is dominated by tunnel transitions in which both energy and in-plane momentum are conserved. The resonant conditions exist in a narrow range of bias voltages, and result in a resonant peak in the current-voltage characteristics, leading to strong negative differential conductance (NDC). In the NDC region, our devices generate radio frequency oscillations when connected to a simple LC circuit.
This proof-of-principle experiment points the way towards new applications for graphene-based resonant tunnelling devices in high-frequency electronics. In addition, the development of a fabrication procedure that aligns precisely the crystalline lattices of the component layers of our devices eliminates the variability in the device characteristics which arises when the graphene electrodes are randomly oriented, thus advancing the prospects for future manufacturable technology applications. Furthermore, control of the misalignment angle and adjustment of the thickness and/or composition of the tunnel barrier could be used to fine-tune the device characteristics.
A schematic diagram of our transistor is shown in Fig. 1a . The heterostructure is made by means of a standard dry-transfer procedure of mechanically-exfoliated graphene and hBN layers 5, 23 , with the important additional step that the lattices of the top (T) and bottom (B) graphene flakes are aligned to within 2 o of each other. We used mechanically torn graphene flakes 24 with well-defined facets and were able to distinguish between the armchair and zig-zag edges by comparing the intensity of the Raman D peak from the edges [25] [26] [27] . This allowed us to know the crystallographic orientation of both top and bottom graphene, thus achieving high level of alignment (see Supplementary Information for details). An independent prove of the crystallographic alignment between the two graphene electrodes comes from the measurements of the broadening of the Raman 2D peak for the two graphene flakes.
Such broadening serves as a measure of the rotation angle between graphene and underlying hBN 13, 28 devices is an order of magnitude larger than in previous devices with the same barrier thickness, but with misoriented electrodes 10, 21 . We observe a strong peak in J(V b ), followed by a region of NDC, both of which persist up to room temperature. We attribute this peak to resonant tunnelling of carriers between the two graphene electrodes (with momentum conservation). In order to display in more detail the key features of the device characteristics, Fig. 2b and c present colour scale contour maps of the dependence of the differential conductance (dI/dV b ) and
on V b and V g (here I is current).
In Fig. 2b the regions of the NDC are shown as blue areas. Furthermore, weaker resonances can be seen as a transition from pink to red colours.
In order to explain the physics of the electron tunnelling in these devices, we used a theoretical The voltage dependence of the main resonance peak is shown as yellow lines in Fig. 2b and c. In this case, the Dirac cones are shifted by Δ = ±ℏ Δ so that the intersection of the cones is a straight line (i.e. the wavevectors of the Dirac plane waves lie on straight lines), see Fig. 1d . In this situation, momentum is conserved for tunnelling electrons at all energies between and , thus giving rise to a strong peak in the current density at resonance. When the Dirac cones are displaced further beyond this resonant condition, that is for |Δ | > ℏ Δ , the curve of intersection of the two Dirac cones becomes an ellipse (Fig. 1e) . As a result, the wavevectors lie on three ellipses (again, obtained by 120° rotations of elliptic solutions -see Supplementary Information). In contrast to the hyperbolic and linear solutions, the elliptic solutions are bound -only wavevectors limited by these ellipses can contribute to current density. The reduction of the current once the Dirac cones are shifted further offresonance is the physical mechanism which gives rise to the negative differential conductance region beyond the resonant peak.
The main resonant peak, which would be Dirac-delta like in the absence of broadening, has a finite width due to the presence of short-range scatterers, charge inhomogeneity in the graphene layers (electron-hole puddles) or orientational disorder between two graphene layers because of bubble formation 1 . Furthermore, since this mechanism of resonant tunnelling relies on momentum (Fig 2d-f) we take into account the chirality of electrons (the momentum-dependent phase shift of the wavefunction on the two sublattices in graphene, see Supplementary information). In the absence of strain, however, the results stay qualitatively the same.
In order to confirm our proposed mechanism of resonant tunnelling we performed additional measurements in which a magnetic field, ∥ , was applied parallel to the graphene layers, i.e.
perpendicular to the tunnel current. Classically, the electron tunnelling between two 2D electrodes through a barrier of thickness d will acquire an additional in-plane momentum × ∥ , due to the action of the Lorentz force 35, 36 , which modifies the resonance. Depending on the orientation of the magnetic field with respect to crystallographic directions of the two graphene layers, the magnitude of the wavevectors,
differs for each of the six Dirac cones at the corners of Brillouin zone. has been demonstrated that graphene/hBN/graphene devices should not exhibit instabilities which would result in intrinsic oscillations 37 . In conventional double barrier resonant tunnelling devices (DBRTDs), the build-up of charge in the quantum well leads to a delay of the current with respect to the voltage which can be represented in terms of an inductance in the equivalent circuit of the device [38] [39] [40] . This effective inductance, which is an important feature in the operation of DBRTD oscillators, is absent in our single barrier devices 37 . Thus, as a proof-of-principle we have built such an oscillator by adding an inductance in series with our resonant tunnelling device, while utilising the intrinsic and parasitic capacitance (C tot ) as a capacitance of LC circuit, see Figure 4b . When the bias and gate voltages are tuned to the NDC region, the device undergoes stable sine-wave oscillations, see 
